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EXECUTIVE SUMMARY

The Missouri Department of Transportation is currently considering ways to
measure the structural capacity of a pavement through analyzing Falling Weight
Deflectometer (FWD) deflection data. The structural capacity (or structural number) of
various asphaltic concrete (AC) pavements can be compared only if the measured
deflections are corrected to a standard temperature. The American Association of
Highway Transportation Officials (AASHTO) recommends this temperature to be 68° F.

In Research Investigation (RI) 91-9, Temperature Adjustment Factor (TAF)
curves (Temperature Adjustment Factor vs. Average Asphalt Concrete Mix Temperature)
were developed based upon actual measured deflections and estimated mid-depth asphalt
concrete temperatures. As a comparison, another set of Temperature Adjustment Factor
curves were developed based upon theoretical deflections and assigned mid-depth AC
temperatures. The empirical Temperature Adjustment Factor curves, which were
developed by true deflections, are the curves recommended for MoDOT use on Falling

Weight Deflectometer measurements. They can be found in Figure ES1 below.

Empirical Temperature Adjustment Factor Curves
Figure ES1
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With the above recommended TAF curve, a Falling Weight Deflectometer
deflection value measured at T degrees can be multiplied by the temperature adjustment
factor to get the equivalent deflection at 68° F. These equivocated deflections can then be
used to calculate the structural number (SN) of a pavement which can be compared
successfully to SN values of other pavements which have also been corrected to 68° F.

Also included in this Research Investigation report is a comparison of the methods
used to find the strength moduli of a pavement (Ep), asphaltic concrete (E,¢), and the
resilient modulus of the subgrade (M;). No specific conclusions were made because

laboratory data that would substantiate one method over the other was not available.
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ABSTRACT

A convenient way to gauge the structural capacity of a pavement is to compute the
structural number (SN). To make the structural capacity of various pavements
comparable to each other, the structural number, and therefore the Falling Weight
Deflectometer (FWD) measured deflections that the SN is based on, must be corrected to
a common temperature (68° Fahrenheit).

In this Research Investigation report, a Temperature Adjustment Factor curve
(Temperature Adjustment Factor vs. Average Asphalt Concrete Mix Temperature) was
developed in order to correct FWD deflections to 68° F.  Also included in the report is
the comparison of different methods used to determine the strength moduli of the

pavement (Ep), asphalt concrete (Ec), and the subgrade resilient modulus (M;).
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OBJECTIVE

The objective of Research Investigation (RI) 91-9 is to adjust the deflections
measured by the Falling Weight Deflectometer (FWD) on full-depth asphalt concrete
pavements to a reference temperature of 68 degrees Fahrenheit as suggested by the
American Association of State Highway and Transportation Officials (AASHTO). By
establishing a Temperature Adjustment Factor curve (Temperature Adjustment Factor vs.
Average Asphalt Concrete (AC) Mix Temperature), the structural number (SN) can be
corrected to predict the structural capacity at 68 degrees Fahrenheit. Also, the correlation
between load deflection and structural capacity of pavement will be improved using both
classical theory and empirical relationships based on data analysis. (1)

There are several justifications for conducting an investigation to produce the
aforementioned Temperature Adjustment Factor (TAF) curve for measured FWD
deflections.

AASHTO states, "For purposes of comparison of Ey, [pavement Elastic Modulus]
along the length of a project, the dg [FWD deflection] values used to determine Ej, should
be adjusted to a singlé reference temperature." (2)

In the Strategic Highway Research Program (SHRP) Procedure for Temperature

Correction of Maximum Deflections, it states, "Because of the temperature-dependent

nature of the asphalt concrete modulus,..., measured deflections and hence structural
capacity (or SN value) of the pavement will also vary with temperature. Thus, a
procedure to correct the measured maximum deflection to a standard temperature is a
valid one. Also, since the AASHTO structural number or SN value is computed at a

standard temperature of 68 F, maximum deflection measured in the field must be corrected

to this standard temperature.” (3)






INTRODUCTION

In analyzing a Falling Weight Deflectometer deflection data set, the most
straightforward interpretation of the information is to use the mean deflection value
(normalized to a constant 9 kip equivalent load drop) for a given pavement. The mean
pavement temperature for a given asphalt thickness should therefore be used in
establishing a Temperature Adjustment Factor curve for correcting the FWD deflection
data to a reference temperature. (In the context of our usage, "mean" is defined as the
average throughout all depths of the AC pavement.) Ideally, to create an empirical
Temperature Adjustment Factor curve, the true mid-depth temperature at the time of
deflection data collection should be the most accurate mean temperature value. However,
the exact mid-depth pavement temperature was not collected at each site as a part of this
investigation, so another method of mid-depth temperature estimation had to be used.

In 1968, H.F. Southgate established a relationship between pavement surface
temperature plus previous 5 day average air temperature and the temperature at a
designated depth within asphalt pavement. (1) As a part of Research Investigation 91-9,
Southgate's method was employed to create regression equations of our own, using
MoDOT field temperature data from Monthly Testing Sites 1-9 (MT1-MT9) and Special
Pavement Study 6 (SPS-6) test sites. Because of our now established correlation between
surface temperature of AC plus previous 5 day average air temperature and temperature at
a pavement depth., both the mean deflection and the estimated mid-depth pavement
temperature were known for different MoDOT test sites. (For our purposes, we wanted
to find the mean pavement temperature which was approximated as the mid-depth
pavement temperature.) Thus, the proper parameters had been defined to create a
Temperature Adjustment Factor curve using FWD deflection data. Of all the test sites,

MT 1-3 were the only full depth AC pavements, so they became the focus from this point

on in the investigation.



In order to establish a comparison to MoDOT's Temperature Adjustment Factor
curve based on empirical data discussed above, another such curve was generated based
on theoretical information. The deflection equation, derived by Boussinesq andOdemark

presented in the 1993 AASHTO Design of Pavement Structures (2) was used to generate

theoretical deflection data and create another Temperature Adjustment Factor curve. It is

as follows:

d, = 1.5pa4 += [

The above equation will be discussed in depth in the following section,
INVESTIGATION PROCEDURE, but some terms need some clarification at this point.
Since the actual deflection data from MT1-MT3 (which was employed along with
estimated mean AC mix temperatures to produce the empirical TAF curves) is a function
of the subgrade resilient modulus and the pavement modulus of elasticity, these two
components had to be varied in the theoretical procedure. To simulate the varying
subgrade conditions due to seasonal changes and different site locations, the resilient
modulus of the subgrade (M) required in the equation was evenly varied from 10,000 psi
to 35,000 psi in 5000 psi increments to yield theoretical deflection data. However, the
deflection information used in the TAF curve was averaged over all the M, values to
create the same methodology used in the empirical TAF, one with all of the various

subgrades considered.



The effective pavement Modulus of Elasticity (Ep) used in the Odemark equation
was a little more difficult to estimate since it depicts the material characteristics of the AC
layer and the base layer combined. We calculated empirical E;¢ (modulus of elasticity of
asphalt concrete) values using the Asphalt Institute AC Elastic Modulus regression
equation (2) using MoDOT typical mix properties and evenly varied AC mix temperature
values as input variables. We did not, however, have access to a method that estimated a
modulus strength value for the whole pavement structure, (Ep), versus varying
temperatures. Therefore, the pavement modulus strength was approximated by using
Odemark's transformed section equation to change the depth and strength of the base into
an equivalent thickness of AC. This Ep, is then equal to E,¢ and the depth, D is the
equivalent of hy. This procedure is discussed in depth in the following section,
INVESTIGATION PROCEDURE.

Finally, some comparisons were made between different methods used to find Ep,
Ejc and M;. By using the FWD deflection data, the MODULUS software program was
run three ways: 1) as a 2 layer system (AC height plus base height considered one layer of
pavement, and subgrade), 2) as a 3 layer system (AC pavement, base and subgrade) and 3)
as a 4 layer system (AC pavement, base, first 36" of subgrade, and remaining subgrade).
(MODULUS is a pavement layer strength backcalculation program that utilizes inputted
FWD deflection data to estimate an appropriate deflection bowl for the data set.) The first
MODULUS run yielded values for Ep, and My which were compared to manually
backcalculated solutions using the AASHTO guide section Determination of Subgrade
Modulus for SNeff Determination (2). The second and third runs both yielded values for
E,c but the third run had the least absolute error, therefore, it was compared to the

Asphalt Institute AC Modulus regression equation results.






INVESTIGATION PROCEDURE

Empirical Temperature Adjustment Factor Curve

The first step in creating a Temperature Adjustment Factor curve is to establish a
method to estimate the mid-depth or mean temperature of a given pavement. Field data
was collected at nine monthly testing sites (MT1-MT9) as well as at SHRP site SPS-6.
The data included: FWD deflection data sets, asphalt surface temperature, asphalt
temperature at various (pre-determined) pavement depths, ambient air temperature at time
of collection, and date of data collection (see Appendix A, pages A1-A19 for actual data).
The high and low temperatures for the five days previous to data collection (for five day
ambient air temperature average) were taken from National Weather Station data closest
to each site.

As in Southgate's study (7), MoDOT wanted to verify a relationship between Five
Day Ambient Air Temperature Average + Asphalt Surface Temperature versus
Temperature At a Designated Depth. This way, if the asphalt surface temperature and five
day average temperature were known at a site, one could use the association determined
to estimate the temperature at pavement mid-depth without drilling holes and manually
measuring the temperature. With this relationship, a significant savings of time, money
and manpower could be realized if the FWD is used for inventory purposes. Regression
equations were found forthe 1, 2, 3, 4, 5, 6, 7, 8, 9, and 11 inch depth plots and can be
seen in Figures 1 and 2 on the next page (see Appendix A, pages A20-A32 for a full page
view of each graph as well as the calculated regression equations).

In this study, Southgate states, "...analysis of the standard error of estimate [of
pavement depth temperatures) showed that the five-day average air-temperature history
sufficed for all depths greater than 2 inches. The least standard errors of estimate for the

depths 0 inches through 2 inches indicated that the best estimate was obtained by the use



of the surface temperature alone. Pavement temperatures in the top 2 inches of the pave

Regression Lines - Temperature at Depths within Asphalt Pavement
Figure 1
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ment are directly dependent upon the hour of the day and the amount of heat absorption
whereas, temperatures at depths greater than 2 inches are assumed to be a function of the
surface temperature, amount of heat absorption, and the past five days of temperature
history." (1) This information was very useful to us in analysis of the SPS-6 data.

For this site, the surface temperature readings were absent but the temperature was taken
at the 1 inch depth and beyond. The SPS-6 data was essential to this portion of the inves-
tigation because it contained the majority of the various measured pavement depth tem-
peratures, as can be seen in Appendix A. We felt that it couldn't be thrown out or
disregarded in spite of the missing information. Instead, because of Southgate's
conclusions previously discussed, the measured 1 inch depth temperature was used for the
surface temperature reading as well as for the 1 inch depth temperature reading.

Southgate takes into consideration the different times of the day and had sufficient
data to compose graphs showing pavement depth temperature relationships at certain
hours of the day. This was another variance in our replication of his study because the
data used in RI 91-9 was taken at different times of the day. Because of this fact, it is
hard to directly compare the results of Southgate's study to the regression equations found
in the relationships established by the RI 91-9 data. However, a general comparison can
be made: all of the regression equations are fit to a linear relationship with a positive
slope less than or very close to one.

Now, for each FWD deflection data set, the estimated mid-depth temperature of
the pavement tested may be read off of the Five Day Air Temperature Average + Asphalt
Surface Temperature versus Temperature at Pavement Depth graphs by using the
appropriate mid-depth line. For example, if a section of pavement is 10 inches thick, the
mid-depth temperature can be found on the S inch depth regression line. The temperaturé
at 5 inches, or mid-depth will be read on the y-axis corresponding to the added

temperature of the asphalt surface and the five day air average found on the x-axis.



In Table 1 below, the average measured FWD deflections and their estimated mid-
depth temperatures can be found. The deflection measured directly underneath the Falling

Weight Deflectometer load plate at a radius of zero is designated by dy.

TABLE 1:  Estimated Mid-depth AC temperature and actual FWD d deflection
(at the time of testing). These FWD dg deflections include the varying
subgrade M, conditions and values.

Site No. Date 5-day+surf. Est. mid- | Measured
Tested temperature | depth temp.| FWD dg
(Deg. F) (Deg. F) (mils)
MT1-1002 6-06-91 163 90.0 10.26
MT1-1002 7-05-91 187 103.5 13.83
MT1-1002 9-05-91 159 87.8 8.73
MT1-1002 10-03-91 136 74.8 8.01
MT1-1002 11-12-91 78 421 6.74
MT1-1002 2-11-92 72 38.7 6.73
MT1-1002 3-19-92 92 50.0 8
MT1-1002 5-18-92 142 78.2 8.72
MT2-1008 3-26-91 140 73.3 7.08
MT2-1008 4-24-91 137 71.9 7.8
MT2-1008 5-30-91 164 85.1 11.7
MT2-1008 6-25-91 189 97.3 15.92
MT2-1008 7-22-91 212 108.6 21.97
MT2-1008 9-04-91 162 79.2 7.84
MT2-1008 10-01-91 148 77.2 6.96
MT2-1008 1-28-92 94 50.8 4.25
MT2-1008 3-24-92 92 49.8 4.89
MT2-1008 5-20-92 161 83.6 8.39
MT3-606 6-04-91 181 95.3 23.68
MT3-606 7-02-91 187 98.4 20.81
MT3-606 7-30-91 182 95.8 19.4
MT3-606 9-10-91 161 79.4 11.35
MT3-606 10-09-91 112 58.8 7.77
MT3-606 11-05-91 68 35.6 6.54
MT3-606 1-30-92 88 46.1 7.87
MT3-606 3-31-92 96 50.4 9.49
MT3-606 5-27-92 123 64.6 11.64

In order to find the Temperature Adjustment Factors from the above data, a best



fit exponential line was determined for each deflection versus estimated mid-depth

temperature series (see Appendix B, pages B1-B4). Next, deflection values were

predicted by these curve equations for temperatures at even intervals ranging from 30

degrees Fahrenheit to 120 degrees Fahrenheit (see Appendix B, page BS). Finally, the

ratio of the deflection value at 68 degrees Fahrenheit to the deflection value at the varying

temperatures produced the TAF curves found in Figure 3 below (for a full page view of

Figure 3, see Appendix B, page B6). In summary,

where T is the temperature in degrees Fahrenheit that the deflection is being adjusted

from (to 68 degrees Fahrenheit).

dO
TAF ===
d,
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Theoretical Temperature Adjustment Factor Curve

To serve as a comparison to the empirical TAF curve above, a theoretical

Temperature Adjustment Factor curve will now be developed.




As discussed earlier, deflection data was generated by using the Odemark
approximate method for determining deflection in a two layer system. It is a combination
of Boussinesq's one-layer equation and the concept of "equivalent thickness" described in
1940 by Barber. The deflection measured at the surface at the center of loading is

assumed to be the sum of the subgrade and pavement deflections (2) and can be computed

as follows:
1
1 - 2
1+ (2)
1 a
d, = 1.5pa; += =
p [E, Y E,
1+ —3]——
M, a\ M,
where: dg = deflection measured at the center of the FWD load plate (inches)

p = NDT load plate pressure (psi)

a = NDT load plate radius (inches)

D = total thickness of the pavement layers (AC and base layers) above the
subgrade, (inches)

M; = subgrade resilient modulus (psi), and

Ep = effective Modulus of all pavement layers above the subgrade (psi).

In order to get deflection values that are representative of the empirical data and
TAF curve, several of the values in the Odemark-Boussinesq equation were varied. All of
the generated information was then averaged by calculating a regression equation over all
the theoretical TAF data points.

The first step was to vary the resilient modulus of the subgrade (M;) from 10 ksi
to 35 ksi, which were the estimated low and high limits for the subgrades tested.

As previously mentioned, estimating values for Epwasa little more involved.

Because of the Asphalt Institute Elastic Modulus Regression equation as found in the

10



1993 AASHTO Design of Pavement Structures (2), temperature dependent values of E,

were known. Average mix properties were inserted, where values were needed, yielding
the equation below. Below is the Asphalt Institute Equation and a list of the mix

properties that were used.

P,
logE,, =5.553833+ 0.028829(}—0%%)- 0.03476V,

+0.070377n +0.0000057 ,(** 0%z ke ) p 03

70deg reesF,lO‘S

1
+0.931757(W)

where:

E, = elastic modulus of AC, psi (unknown)

P, = percent aggregate passing the No. 200 sieve,( 6%)

F = loading frequency, (18 Hz)

Vy = air voids, percent, (5%)

M0degrees, 106 = absolute viscosity at 70 degrees F, 106 poise, (2)
P, = asphalt content, percent by weight of mix, (6%)

tp= AC mix temperature, degrees F (varied)

After inserting these mix properties, the resulting equation is as follows:

log|E| = 6.486476 - 1.8038865%10 *7 ¥

The calculated E, results from varying temperatures can be found in Table 2.
A graphical representation of the data from the resulting equation above can be found in
Figure 4 on the next page. It can be easily seen from this graph that asphalt pavemeht

strength is indeed temperature dependent.

Since the E, over the normal temperature range is now estimated, and the

Odemark-Boussineq deflection equation requires Ep, a relationship between Ep and

11



TABLE 2: Estimated Mid-depth Temperature vs. Modulus of Elasticity for Asphalt Concrete

tp Eac tp Eac
(deg. F) (psi) (deg. F) (psi)
30| 2.293E+06 75| 5.637E+05
35( 2.075E+06 80| 4.506E+05
40| 1.850E+06 85| 3.554E+05
45| 1.627E+06 90| 2.766E+05
50| 1.411E+06 95| 2.124E+05
55| 1.207E+06 100} 1.610E+05
60{ 1.018E+06 105| 1.204E+05
65| 8.476E+05 110} 8.893E+04
70{ 6.959E+05 115| 6.482E+04
120| 4.663E+04

Asphalt Institute Regression Equation
Figure 4

Eac (ksi)
2500
2000 —
1800

®
1000 |-
500 —
0 1 [ 1 | 1 |
0 25 50 75 100 125

AC Temperature (Deg. F)

Egac must be established. Ep, is defined as the strength modulus of the overall pavement

structure while E. is the strength modulus of the asphalt only.

12




The Ey¢ values found by the Asphalt Institute Regression Equation may be used as an
estimate of Ej, if the base is transformed into an equivalent height of asphalt. The
following equation is used to determine an equivalent thickness of asphalt (e.g.,
transforming the base height to an AC height) whose strength is equal to the strength

exhibited by Eyc and Ej, (the strength modulus of the base) combined:

* _Eb
equivalent ~ hb 3 E + hac
ac

The above equation is based on the concept of equivalent thickness as described in 1986

AASHTO Guide for Design of Pavement Structures (4). The design guide develops the

interrelationship between layer coefficients and elastic moduli. In finding an equivalent
thickness, the Poisson's ratio was assumed to be equal for both layers, and therefore,
cancels out. (See sample calculations in Appendix C, pages C1 and C2).

The base heights for Monthly Testing sites 1-3 were all approximately 4 inches,
therefore, in the above equivalent height equation, hy, = 4 inches. The average Ey, found
by the MODULUS program for the three testing sites was 60 ksi with a standard deviation
of around 30 ksi. The three values of 30 ksi, 60 ksi and 90 ksi were used for E}, because
of the high deviation value. The height of the asphalt pavement, h,, was modified in
increments of 2 inches from 2 inches up to 12 inches in order to represent the spectrum of
possible asphalt thicknesses in pavements. (See tabulated form of results in Appendix C,
pages C3-C20.) Again, the deflection information generated by these values being varied
was averaged by calculating a regression equation over all TAF data points produced.

The diagram in Figure 5 on the next page is an effort to make the equivalent height
procedure more clear. Because the calculated AC equivalent height is representative of
the strength of Ep, at a particular temperature, it can be used in the Odemark-Boussinesq

equation as "D", the total depth of the pavement, while the corresponding value of E, at

that temperature is used in place of Ep

13



Figure 5: Transforming hp, to Equivalent AC Height

Representative Strength

hac AC Eac
base Eb
R
hequivalent AC Ep

W I

The only values left in the Odemark equation that haven't yet been defined are p,
the contact pressure, and a, the circular load radius. The contact pressure, equal to 82.3
psi, is the applied equivalent load of 9000 Ibs (9 kips) divided by the area of the load plate.
The circular load radius, also used to find the load plate area for the contact pressure
computation, is equal to 5.9 inches.

The temperature adjustment factor was calculated the same way as for the

empirical TAF curve:

TAF %oy
d

07
(See Appendix C, pages C3-C20 for all of the generated theoretical TAF data points.)
For each asphalt thickness, all the TAF data was plotted and a regression equation
was computed. The regression line became the TAF curve for that asphalt thickness, just
as in the empirical TAF curve procedure. (See Appendix C, page C21 for Regression
Equations , pages C22-C27 for graphs of regression lines for each h, depth, and page
C28 for a full page plot of Figure 6.) Below in Figure 6, a plot of all the TAF curves for

the various AC thicknesses can be found.
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Theoretical Temperature Adjustment Factor Curves
Figure 6
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The theoretical temperature adjustment factor curves have a different curve fit than
the empirical TAF curves (linear vs. exponential), but they both have the same general
slope trend and the thicker the AC thickness, the steeper the slope. In the
CONCLUSIONS section, a much more detailed comparison of the TAF curve sets can be
found.

Before moving on to the comparison of methods used to find layer strengths, it
should be mentioned that another method for finding theoretical deflections was examined.
The method used in this investigation was based on Boussinesq's one layer system as well
as on the theory of equivalent thickness presented by Odemark. Initially, Boussinesq's one
layer system alone was used to find deflections. In 1885, Boussinesq developed a solution
for computing stresses and deflections in a halfspace (soil) composed of homogeneous,

isotropic and linearly elastic material. This solution was based on a point loading, and in

15




1928, Love adapted his solution for a circular load. (5) The equation below is for

deflection at depth z:

_ (1+u)pa

1 z¥V z
dz i . > +(l-2u)( l+(;) -;}
V a
where:

p = plate pressure (ksi)

E = elastic modulus (ksi)

a = plate radius (inches)

z = depth below pavement surface (inches)
u = Poisson's ratio

The reason that this method was not used for the theoretical TAF curve procedure is that
it produced inconclusive results. As can be seen from the equation above, for the same
asphalt thickness, the temperature adjustment factor [TAF = dp at 68/d( at T] is only the
ratio of the moduli of elasticity, everything else cancels out. For each AC depth, then, the
TAF curve was identical because the modulus of elasticity values at varying temperatures
are constant for each asphalt pavement thickness. From the empirical TAF curve, it can
be seen that the temperature adjustment factor curve is not the same for each AC depth,
thus, the results were erroneous. What this method did show is the theoretical amount of
compression the AC layer is subjected to due to different AC temperatures and layer |
depths. As can be seen in Figure 7 on the next page, it is an exponential curve and around
the 80 degrees Fahrenheit range, the amount of compression becomes greater and greater.
(See Appendix C, pages C29-C30 for the generated Boussinesq compression and TAF

data in tabular form and a full page plot of Figure 7.)
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Boussinesq AC Compression
Figure 7
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Comparison of Methods Used to Find Layer Strength Moduli
As the final step in RI 91-9, methods used to find pavement layer strengths will be

compared. This topic will be updated in Research Investigation 91-9B which will be
completed when resilient modulus laboratory data is available. The layer strengths of
concern are Ey, the strength of the whole pavement structure, Eqg, the strength of the
asphalt, and M;, the subgrade resilient modulus.

The MODULUS program was run three different ways with the collected FWD
deflection data as inputs. The first run considered the pavement as a two layer system: an
AC layer height + base layer height considered as one layer of pavement, and a subgrade.
The effective pavement modulus (Ep) and the subgrade resilient modulus (M;) found by
the first MODULUS run were compared to manually backcalculated values found by

equations in the Determination of Subgrade Modulus for SN Determination section of

the 1993

17




AASHTO Guide for Design of Pavement Structures. (2) This is a simple method

proposed by Ultidtz for estimating the subgrade modulus from deflections measured at the
surface of a layered pavement structure (by the FWD). It is based on the following two

observations:

1) As distance away from the load increases, compression of the layers
above the subgrade becomes less significant to the measured deflection at
the pavement surface.

2) As distance away from the load increases, the approximation of a

distributed load by a point load improves. (2)

It was assumed again that the pavement structure consisted of a two layer system,
therefore, the only other strength value the procedure yielded, besides M;, was Ep. Itis
logical, then, to compare its outcome to the first MODULUS run. The procedure for
obtaining the backcalculated Ep and M; values as well as a sample calculation can be
found in Appendix D, pages D1-D4. Plots of Ep and M; for both methods versus
estimated mid-depth temperature can be found in Figures 8 and 9 on the next page. (See
Appendix D, page D5 for the data in tabular form.)

In analyzing Figures 8 and 9, it can easily be seen that the two methods are similar
in the way that they find the unknown values - they both have the same trends at each mid-
depth pavement temperature. The difference between the two methods is the way that
they assign strengths. For the manual backcalculation method, it assigns the subgrade
more of the strength and takes away from the strength Ep, assumes. The opposite is true
in the MODULUS program: the pavement modulus takes on the strength that is not given

to the subgrade.
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Ep vs. Temperature

Figure 8 i
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The final comparison is for E,, the asphalt concrete layer strength modulus
within the pavement structure. One previously mentioned method that was used to find
Egc values was the Asphalt Institute Regression Equation. These values were compared
to MODULUS solutions and SHRP Regional Information Management System (RIMS)
laboratory data for Eg..

The pavement of the test sites was analyzed as a 3 layer system (asphalt layer, base
and subgrade) for the second MODULUS run and as a 4-layer system (asphalt layer, base,
first 36" of subgrade and remaining subgrade) as the third MODULUS run. The third run
produced an overall lower absolute error than the second run and can be justified by the
fact that the first 36 inches of subgrade is the most susceptible to environmental
conditions, and therefore can be figured as a separate layer. Because of the lower absolute
error, the third run values were used in the subsequent comparisons. The corresponding
layer strengths produced by using inputted FWD deflection data were: E,, Ep, M @36"
and M;. The researcher used the resilient modulus strength of the first 36" of subgrade
layer if the stiff layer was less than 10 feet below the ground surface. If the stiff layer was
greater than 10 feet below the ground surface, the first 36" of subgrade resilient modulus
value and.the remaining subgrade resilient modulus value should be averaged.

The MODULUS third run E, values can now be compared to the Asphalt
Institute regression equation values for asphalt modulus of elasticity and to the SHRP
RIMS laboratory E, data. At this point, however, we have nothing to compare the Ej,
values with. In Figure 10 on the following page, the MODULUS E,, values for each test
site and the corresponding Asphalt Institute regression Modulus of Elasticity values are
plotted against the estimated mid-depth temperature of the pavement. (See Appendix D,
page D6 to see the all the E, data in tabular form.)

In Figures 11 and 12, asphalt Modulus of Elasticity values as determined by the
Asphalt Institute regression equation, MODULUS output, and SHRP RIMS laboratory

data for test sites MT1 and MT2 are plotted against the estimated mid-depth temperature.
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Eac vs. Temperature

Figure 10
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Eac vs. Temperature, MT2

Figure 12
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CONCLUSIONS

The purpose of a temperature adjustment factor (TAF) is to be able to take a
Falling Weight Deflectometer (FWD) deflection value measured at T degrees and multiply
it by the TAF to get the equivalent deflection at 68 degrees Fahrenheit. This will provide
structural data that is easily compared for various pavements.

The empirical temperature adjustment factor curves' (found in Figure 3) data
points have a different curve fit than the data points of the theoretical temperature
adjustment factor curves (found in Figure 6). The TAF values for the empirical data are
generally higher for temperatures lower than 68 degrees and generally lower for
temperatures higher than 68 degrees when compared to the theoretical temperature
adjustment factor curve. This results in the empirical temperature adjustment factor
curves being more conservative structurally when the temperature is above 68 degrees and
less structurally conservative when the temperature is below 68 degrees.

The temperature adjustment factors which §vere based on theoretical results using
Odemark-Boussinesq, which is a linear elastic equation, are basically the same as the
present American Association of State Highway and Transportation Officials (AASHTO)
Temperature Adjustment Factors on pages III-99 and I1I-100 of the 1993 AASHTO

Guide for Design of Pavement Structures (2). Evidently, both of these results were based

on linear elastic behavior of the material, which is a false assumption since the material in
actuality is not linear elastic. Therefore, the temperature adjustment factors which were
based on actual FWD deflection data and empirical mid-depth asphalt concrete (AC)
temperatures (referred to as the empirical Temperature Adjustment Factor curves) show
that the behavior is non-linear and is perceived as a more accurate illustration of the
temperature adjusment factors.

The conclusions for the comparison of methods used to find layer strengths will be

brief. Overall, it appears that the manually backcalculated method and 2-layer system
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MODULUS run yield parallel values for the pavement strength moduli and the subgrade
resilient modulus. (see Figures 7 and 8).

The Asphalt Institute (AI) regression equation Eg (strength modulus of asphalt
concrete) values provide a theoretical comparison for the 4-layer system MODULUS Eac
results. The MODULUS values are distributed fairly close to the Al regression line. (see
Figure 10). As can be seen in Figures 11 and 12, the Modulus of Elasticity values found
by the Strategic Highway Research Program (SHRP) Regional Information Management
System (RIMS) laboratory tests are close to the Al and MODULUS values for warm mid-
depth temperatures (over 75° Fahrenheit). But for colder mid-depth temperatures, the
SHRP RIMS E, values are considerably lower. It is uncertain whether it is the SHRP
laboratory data or the MODULUS software and Asphalt Institute regression results that
are inconsistent, considering the large difference in asphalt layer strength modulus values.
The SHRP Protocol used for the testing the total resilient modulus of asphalt concrete is

PO7 which closely follows ASTM D4123 specifications.
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RECOMMENDATIONS

The empirical temperature adjustment factor curves, found in Figure 13 on the
following page, are the recommended Temperature Adjustment Factor curves for
MoDOT's use with the FWD measured deflections. These temperature adjustment factor
will be used to correct the deflections to the AASHTO standard 68 degree F. (The

calculated regression equations for these lines can be found on page 27.)
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Missouri Department of Transportation Recommended Temperature Adjustment Factor
Curve Regression Equations.

MT1 Regression FWD Deflection Equation
Correlation Coefficient = 0.895540

dg = 4.738428 (0008485 TEMP)

MT?2 Regression FWD Deflection Equation
Correlation Coefficient = 0.962902

dp = 1.090210(0026551TEMP)

MT3 Regression FWD Deflection Equation
Correlation Coefficient = 0.950967

do = 3.188715¢01s3s*TEMP)
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APPENDIX A

Data and Graphs Relating to the Estimation of Mid-Depth AC Temperature
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Regression values for 5 day average + surface temperature vs. depth temperature
(Asphalt pavement temperatures.)

Estimated linear regression equation: Y*=m*X+Db

X = 5 Day average + surface temperature

Y = Depth temperature

Mean
Sample Significant Sq. Error  SqRt(MSE)
Variable: Size n: F—value: Prob.> F: (Y/N): Rsquare: MSE: S{y.x):
Temp1 30 242.68 0 Y 0.8966 57.95516 7.612829
Temp2 132 1267.5 0 Y -0.907 30.62344 5.533845
Temp3 56 163.22 0 Y 0.7514 40.06890 6.330000
Temp4 125 9475 0 Y 0.8851 28.48441 5.337078
Temp5 32 683.99 0 Y 0.958 1497158 3.869313
Temp6 31 414.9 0 Y 0.9347 17.90409 4.231323
Temp7 98 962.84 0 Y 0.9093 21.13139 4.596889
Temp8 27 139.09 0 Y 0.8476 16.31185 4.038794
Temp9 12 170.74 0 Y 0.9447 25.42144 5.041968
Temp11 13 18.01 0.0014 Y 0.6208 13.68139 3.698836
b m Std. Err. Significant
Variable: Y—int.: Slope: Coeff.(m);: T-—value: Prob.> T: (Y/N):
Temp1 2151643 0.548537 0.035211 15.57827 0 Y
Temp2 —-0.48153 0.577301 0.016215 35.60181 0 Y
Temp3 -1.88034 0.563716 0.044124 1277571 0 Y
emp4 —-4.02543 0.582710 0.018930 30.78141 0 Y
Temp5 -0.36260 0.528364 0.020202 26.15316 0 Y
Temp6 4.724505 0.490000 0.024056 20.36915 0 Y
Temp7 —1.22778 0.545164 0.017569 31.02954 0 Y
Temp8 -0.63232 0.514906 0.043659 11.79378 0 Y
Temp9 —0.16731 0.513581 0.039304 13.06674 0 Y
1 Y

Temp11 7.420474 0.441511 0.104030 4.244042 0.00
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APPENDIX B

Data and Graphs Relating to the Empirical Temperature Adjustment Factor Curves
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MT1 Regression FWD Deflection Equation
Correlation Coefficient = 0.895540

dg = 4.7384280 00885 TEMD)

MT?2 Regression FWD Deflection Equation
Correlation Coefficient = 0.962902

dg = 1.090210¢(0026551°TEMP)

MT3 Regression FWD Deflection Equation
Correlation Coefficient = 0.950967

dO =3, 18871 5¢(0.018935*TEMP)
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APPENDIX C

Data and Graphs Relating to the Theoretical Temperature Adjustment Factor Curves






Given:

hy, = 4 inches

Ep =30 ksi

hac = 2 inches

M; = 10 ksi
tn=30deg. F
l:},)ac =2293.46 ksi

SAMPLE CALCULATIONS

where:

hy, = height of base

Ep, = Modulus of Elasticity of base

hye = height of AC

M; = resilient Modulus of subgrade

= average AC mix temperature

}:‘E‘)ac = estimated Modulus of
Elasticity at given average
AC mix temperature



’ E
hequivalenr = hb *3 E:C + hac
30
h,,, =4*3,/ +2=h, =2,
equivalent 229346 2 Ep 2 942

d, = 1.5pa; += =1

1
1-

(2.942)2
1+ —=
1 5.9
2 +=

2.942 [2293.46 2293.46
10./1+ 3

5.9 10

d, =1.5%82.3*5.94

= =22.6731mils

at 68°F,d, =27.9141 mils found by the same method as above

d
TAF = do“ where T = 30° F as given above
o

T
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TEMPERATURE ADJUSTMENT FACTOR CURVE
REGRESSION EQUATIONS

2" depth: TAF =1.358192-0.005227T(°F)
CC = -0.996296

4" depth: TAF =1.522908-0.007653T(°F)
CC =-0.997893

6" depth: TAF =1.605983-0.008887(°F)
CC = -0.998475

8" depth: TAF =1.654622-0.00961T(°F)
CC = -0.99875

10" depth: TAF =1.686027-0.01007T(°F)
CC = -0.998884

12" depth: TAF =1.707725-0.0104T(° F)
CC =-0.998995

where CC is the correlationcoefficient
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APPENDIX D

Data and Graphs Relating to
the Comparison of Methods Used to Find Layer Strength Moduli






MANUALLY BACKCALCULATED PROCEDURE FOR FINDING Ep AND M,
Determination of Subgrade Modulus for SN, Determination

1993 AASHTO Design Guide of Pavement Structures

Choose the radial distance from the load in inches, r. The first value can be

approximated as 1.5 times the total depth of the pavement.
Find the deflection value, Dy, corresponding to the chosen radial distance. The

value is interpolated from the FWD deflection data gathered.

Find the subgrade resilient modulus:

L)
pi*r*D,

where P =load in lbs. (9000 Ibs)
u = Poisson's ratio (0.5)
D, = deflection at distance r from the applied load in inches (vaires with r)

r = radial distance from load in inches (varied)

Find Ej, by trial and error from the following equation:

d,=15pa -
D |E,
+ p—
MjlbsM)




where D = total depth of pavement in inches (varied for different pavements)
a = plate radius in inches (5.9 inches)

E, = strength modulus of the pavement in psi

Ivfr = resilient modulus of subgrade in psi (as found above)

p = contact pressure in psi (9000 lbs./plate area = 82.3 psi)

dg = deflection value at =0 in inches (varies)

The radius value used (r) should _be greater than or equal to seventy percent of the

effective radius a, of the stress bulb at the subgrade/pavement interface. With the

subgrade Poisson's raito equal to 0.5, the equation for effective radius is:

2

E

- 2 +| D3 P
a, Ja [ Mr }

r>=0."7a,

If the r value used is less than 0.7a, or a value of r that is closer to the calculated
0.7a¢ can be used, then another value for r is chosen and the procedure is started all over

again until r is greater than or equal to 0.7a,. The final trial yields the values for Ej and

M, for that particular FWD deflection reading..



SAMPLE CALCULATION

Test Site: MT1

Date of FWD deflection data collection: 2/11/92

D=11"
a=59"
P =9000 /bs.

estimated mid - depth temperature=38.7°

FWD Deflection Data.
Mean Measured Deflection: (mils)
R,=0" R =8" R,=12" R, =24" R, =36" R;=48" R, =T72"
6.75 6.13 5.61 411 2.86 2.03 1.16
E,,M, CALCULATION
inital estimate of r =1.5D or 1.5*11=16.5"
r=16.5"
) , 24-16.5 4.11-D, _ :
D, found by int erpolation. 2412 211561 D, =5.05 mils
P(1-u?) 9000(1-0.52)
= = =25,785.68 psi
r T pi*r*D. 3.14*16.5%5.05%10° P
[ ]
1
1-

1

6.75%107% =1.5%82.3*5.9

2
25,785.68,/1+ 1, —i—
T 5.9y 25,785.68

E, solved for by inputted solver programon HP42S Scientific Calculator

E, =421,796.79 psi

D-3




2
[421 796.79
a =,5.9%+| 11*3}————— | =28.54"
c \/ ( 25,785.68) 28.54

0.7a,=19.98"
0.7a, >r therefore, no good

newr=21"
24-21  4.11-D,
24-12  4.11-5.61
_9000(1-0.5%)
7 3.14*21*4.49%10°

D, =4.49 mils

6.75%107 =1.5%82.3*5.9

=22,787.06 psi

1

11
22,787.06,/1+| —
J (5.9

2
J_Er
22,787.06

E , solved by HP solver program=506,094.29 psi

2
| 506,094.79
= [5.92+ 11*;{——’——— =31.48"
e \/ ( 22,787.06) 31.48

0.7a, =22.03"
0.7a, >r therefore, no good

newr=225"
24-22.5  4.11-D,
24-12  4.11-5.61
_9000(1-0.5%)
7 3.14%22.5%4.30*10°

D, =4.30 mils

=22,207.67 psi
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1+{
1 .

6.75%10° = 1.5*82.3*5.9 +

2 E
n [ E, ’
22,207.67.1+| —3——"—
5.9 {22,207.67
I

E, solved by HP solver program=526,316.31 psi

2
526,316.31
= 2 4+ L XY ot hihuhaind = 14"
a, \/5.9 (11 1/22,207'67) 32.14

0.7a, =22.50
0.7a,=<r OK

Therefore, for MT10on2/11/92: M, =22,207.67 psi
E, =526,316.31 psi
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Two layersystem - AC and subgrade

Estmid- |Man.Bkcd.[MODULUS [Man.Bkcd.]MODULUS
depthtem. Ep Ep Mr Mr
(deg.F) (ksi) (ksi) (ksi) (ksi)

35.6 415.6 757 22.29 17.70

38.7 524.5 797 22.26 16.80

42 1 512.44 754 22.66 17.30

46 .1 303.02 574 20.50 15.70

49.8 533.54 792 26.17 17.10

50 397.12 566 20.18 16.50

50.4 254.87 449 16.81 13.10

50.8 591.62 899 31.03 19.60

58.8 324.13 511 19.89 16.30

64.6 187.3 319 14.91 12.00

71.9 240.87 327 21.84 14.80

73.3 304.71 411 21.20 13.40

74.8 343.81 487 22.24 17.90

77.2 262.95 346 25.10 17.80

78.2 311.17 432 20.65 16.80

79.2 229.26 308 22,67 15.30

79.4 173.42 265 16.69 13.50

83.6 231.47 314 19.68 12.80

85.1 174.56 246 13.47 8.80

87.8 290.9 393 21.63 18.00

90 216.36 290 20.34 17.20

95.3 65.21 104 10.06 6.80

g5.8 80.74 130 12.10 8.60

97.3 95.86 128 13.23 8.10

g98.4 78.78 129 10.78 7.70

103.5 129.33 183 18.69 14.40

108.6 61.45 82 11.50 6.30
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Comparison of Modulus E,¢ vs. Asphalt Institute (AI) Regression Values for E,

tp Al Eac 1Mod. Eac
(deg. F) (ksi) (ksi)
35.6 2047.94 1497
38.7 1908.83 2130
421 1756.14 2011
46.1 1578.92 1069
498 1419.67 1676
50.0 1411.23 1526
50.4 1394.40 883
50.8 1377.66 1808
58.8 1062.13 997
64.6 860.55 615
719 643.39 613
73.3 606.50 815
74.8 568.64 1157
77.2 511.65 657
78.2 489.17 1097
79.2 467.44 589
79.4 463.18 504
83.6 380.29 642
85.1 353.62 495
87.8 309.32 974
90.0 276.56 691
95.3 208.98 167
95.8 203.38 215
97.3 187.29 219
98.4 176.18 224
103.5 131.58 364
108.6 96.94 127

SHRP Regional Information Management System Laboratory Data

Temperature (° F) MT1 E,. average (ksi) MT2 E, average (ksi)
41 813.3 739.0
77 509.6 501.6
104 237.0 203.9
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